Autosomal dominant polycystic kidney disease (ADPKD) is caused by mutations in either PKD1 or PKD2. It is one of the most common heritable human diseases with eventual development of renal failure; however, effective treatment is lacking. While inhibition of mechanistic target of rapamycin (mTOR) effectively slows cyst expansions in animal models, results from clinical studies are controversial, prompting further mechanistic studies of mTOR-based therapy. Here, we aim to establish autophagy, a downstream pathway of mTOR, as a new therapeutic target for PKD. We generated zebrafish mutants for pkd1 and noted cystic kidney and mTOR activation in pkd1a mutants, suggesting a conserved ADPKD model. Further assessment of the mutants revealed impaired autophagic flux, which was conserved in kidney epithelial cells derived from both Pkd1-null mice and ADPKD patients. We found that inhibition of autophagy by knocking down the core autophagy protein Atg5 promotes cystogenesis, while activation of autophagy using a specific inducer Beclin-1 peptide ameliorates cysts in the pkd1a model. Treatment with compound autophagy activators, including mTOR-dependent rapamycin as well as mTORindependent carbamazepine and minoxidil, markedly attenuated cyst formation and restored kidney function. Finally, we showed that combination treatment with low doses of rapamycin and carbamazepine was able to attenuate cyst formation as effectively as a single treatment with a high dose of rapamycin alone. In summary, our results suggested a modifying effect of autophagy on ADPKD, established autophagy activation as a novel therapy for ADPKD, and presented zebrafish as an efficient vertebrate model for developing PKD therapeutic strategies.
Introduction
Polycystic kidney diseases (PKD) are a group of diseases that can be categorized into autosomal dominant PKD (ADPKD), autosomal recessive PKD (ARPKD) and other syndromic forms such as Meckel syndrome (1) . ADPKD is caused by mutations in either PKD1 or PKD2. It is one of the leading life-threatening genetic diseases, affecting approximately 0.2% of the population regardless of sex, age, race, or ethnicity. Patients with PKD often develop renal failure and so require dialysis or a kidney transplant (2) . The vasopressin receptor antagonist, tolvaptan, is approved recently for treatment of ADPKD in Japan, Canada and Europe, underscoring the feasibility of discovering novel therapeutic strategies via mechanistic studies of pathologic signalling pathways. mTOR inhibition has been pursued as a candidate therapy for PKD. mTOR is a key component of two protein complexes: mTORC1 and mTORC2. While mTORC1 regulates protein translation via phosphorylation of 4E-BP, cell growth via phosphorylation of S6K and autophagy via phosphorylation of ULK1 and ATG13, mTORC2 controls cytoskeletal organization via phosphorylation of Akt (3) (4) (5) (6) (7) . Mounting evidence suggests that the mTOR pathway plays an important role in cystogenesis. First, activation of the mTOR pathway contributes to PKD development. It has been shown that patients and animal models with mutations in TSC1 and TSC2, two upstream inhibitors of mTORC1, develop cysts. Second, activation of the mTOR pathway, including phosphorylation of mTOR and S6K, has been found in cells lining cysts in PKD patients and animal models (8) (9) (10) (11) (12) . Third, inhibition of mTOR via rapamycin and its analogues, which bind to FKBP12 to inhibit mTOR activity, effectively attenuates cystic phenotypes in animal models (8, (13) (14) (15) (16) (17) . Unfortunately, these mTOR inhibitors failed to show the protective benefits in clinical trials, likely due to low target doses because human patients are less tolerant to rapamycin's renal toxicity and non-renal side effects (18, 19) . While kidneytargeted delivery of folate-conjugated rapamycin may overcome the non-renal adverse effects, it may not help reduce the renal toxicity, given that the mTOR pathway is involved in multiple cellular functions (20) .
Autophagy is a crucial downstream signalling branch of mTOR. It is a multi-step process, including autophagosome formation, in which a double-membrane structure of reticular origin sequesters cytoplasmic components, and autophagosome fusion with the lysosome to form the autolysosome, in which engulfed cargo is broken down by lysosome-derived acid hydrolases. Autophagy ensures that cells survive starvation and stress by degrading long-lived proteins and organelles for recycling. It is also responsible for the clearance of mutated/misfolded proteins (21) (22) (23) (24) . Deficiency of autophagy has been demonstrated to be a contributing factor for neurodegenerative disease development, cancer initiation and cardiac diseases; and induction of autophagy has shown therapeutic benefits for these conditions (25) (26) (27) (28) . Recent studies have preliminarily implicated autophagy in PKD (29) . Cy/Cy Han:SPRD rat and congenital polycystic kidney (cpk) mouse exhibit increased expression of autophagosome marker LC3II, with the increase in cpk mouse likely resulting from a decreased autophagosomelysosome fusion; Pkd1 knockout mouse embryonic fibroblasts fail to activate LC3II expression in response to glucose deprivation unlike wild type cells (30, 31) . However, the precise role of autophagy in the pathogenesis of PKD and whether this signalling branch can be leveraged for therapeutic benefits remains largely unknown.
The zebrafish has proven to be a relevant model to study PKD. The embryonic zebrafish kidney has conserved nephron segment organization and shares the same inductive events, signalling cascades, differentiation and morphogenesis process as the metanephric kidney in mammals (32, 33) . Mutations in genes associated with human PKD lead to cystogenesis in zebrafish (34) (35) (36) (37) , and stable zebrafish mutants can be efficiently generated via transcription activator-like effector nucleases (TALEN) technology (38) (39) (40) . In addition, disease progression can be easily monitored owing to the translucent nature of zebrafish embryos, while the small body size enables drug treatment in a 24-well plate, presenting an excellent platform for smallmolecule screening to identify compounds for potential therapies for PKD.
Here, we report the generation of a zebrafish ADPKD model by TALEN technology. Having confirmed the defective autophagy regulation, we demonstrated a beneficial effect of autophagy activation on cystogenesis. In addition, we found that rapamycin can be used at lower doses to achieve drug efficacy when applied together with carbamazepine, a US Food and Drug Administration (FDA)-approved drug and an mTORindependent autophagy activator, suggesting a combinatorial strategy for ADPKD therapeutics.
Results

pkd1 deficient zebrafish embryos develop fully penetrant pronephric cysts
Mutations in PKD1 account for 85% of ADPKD cases; we therefore decided to generate a corresponding zebrafish model. Two orthologues of mammalian PKD1, pkd1a and pkd1b, have been identified in zebrafish and are expressed in multiple tissues, including head, trunk and lymph vessel (41, 42) . Their expression was also detected in the pronephric kidney (Supplementary Material, Fig. S1A and B) . We generated stable pkd1a and pkd1b mutants using TALEN technology (38) (39) (40) . Exon 7 of pkd1a and exon 9 of pkd1b were targeted, which correspond to exon 17 of mouse Pkd1 where PKD-causative mutations have been reported (43) . TALEN pair for pkd1a was targeted to a SphI restriction enzyme cutting site (Fig. 1A) . By screening TALEN-injected fish for loss of the SphI site, followed by sequencing, we identified a number of mutated alleles (Supplementary Material, Fig.  S2A and data not shown). Two truncation alleles (M1 and M2) that cause a coding frameshift of the pkd1a gene were maintained for our study. The M1 allele has 4-bp deletion and results in a premature stop codon after coding 127 frameshifted amino acids; the M2 allele has a 10-bp deletion and encounters a stop codon after coding 127 frameshifted amino acids (Fig. 1A) . Consistent with the notion that mRNAs containing premature stop codons are often degraded by nonsense-mediated mRNA decay, we observed reduction of pkd1a transcripts (Supplementary Material, Fig. S2B ) (44) . Because the two alleles gave rise to the same phenotypes, we only presented data from the M1 allele.
Homozygous pkd1a embryos developed pronephric cysts starting at 2 days post fertilization (dpf) at a low frequency, reaching 93% penetrance at 3 dpf, visualized as dilation of the glomerulus-neck region of the nephron in hematoxylin-eosin (HE) sections ( Fig. 1B and H) . The pronephric tubules were also progressively dilated in the mutants, with dilation consistently detected at 5 dpf by double immunostaining with anti-Na þ /K þ -ATPase (labelling the basolateral surface of the pronephric tubules) and anti-atypical PKC (recognizing the apical side of the pronephric tubules) (Fig. 1C) . Notably, the apicobasolateral polarity of the tubular epithelial cells was not grossly altered in the mutants (Fig. 1C) . All mutants exhibited edema at 5 dpf, which progressed to all tissues, resulting in death around 13 dpf (Fig. 1D and data not shown). To assess whether kidney function was affected, we examined fluid excretion from the kidney using a fluorescent dye injection assay (35, 45) . While rhodamine-dextran (10 kD) was observed at the cloaca of 95% of wild type embryos at 2.5 dpf, it was detected in only 45% of mutants ( Fig. 1E and F) . The kidney defect seems not secondary to cardiac edema because cardiac function, as reflected by shortening fraction, was normal at 2.5 dpf in the mutants but declined at 4 dpf ( Fig. 1G and data not shown).
A previously identified pkd1a hu5855 mutant exhibited defects in lymphatic development (42) . Consistently, we observed normal lymphatic precursor sprouting at 2.5 dpf and reduced lymphatic vessel morphogenesis at 4 dpf in our pkd1a -/-embryos by introducing the Tg(fil1:GFP) allele into the mutants (Supplementary Material, Fig. S2C and data not shown) (42) . The onset of the lymphatic phenotype suggests that renal cysts are not secondary to the lymphatic defects but edema might be. In addition, the mutant embryos showed normal kidney pattern formation when pax2a was used as a marker (data not shown), excluding abnormal development as a source of cystogenesis. The pkd1a -/-embryos also displayed shorter jaw defects at 5 dpf as seen in pkd1a morphants (Supplementary Material, Fig. S2D and E) (41) . Heterozygous pkd1a mutants were phenotypically normal and fertile for at least 12 months of age. TALEN pair for pkd1b was targeted to an MfeI site in exon 9. Similarly, two truncation alleles of pkd1b were obtained (Supplementary Material, Fig. S3A and B) . Homozygous pkd1b embryos, either the M1 or the M2 allele, did not show any visually noticeable phenotypes, and the data presented here were form the M2 allele (Supplementary Material, Fig. S3C ). Quantitative PCR analysis showed a significant increase of pkd1a transcripts in the pkd1b -/-embryos, suggesting genetic compensation by pkd1a (Supplementary Material, Fig. S3D ).
Conversely, a significant increase of pkd1b transcripts was found in the pkd1a -/-embryos (Supplementary Material, Fig. S2B ). To determine whether pkd1a and pkd1b have redundant functions, we generated pkd1a/b double mutants. In contrast to the 11% of pronephric cysts observed in pkd1a -/-embryos at 2 dpf, cystic dilation was found in 70% of pkd1a -/-;pkd1b -/-embryos, and at 3 dpf, cystogenesis was seen in all double mutants (Fig. 1H ). Of note, the pkd1a -/-;pkd1b -/-embryos did not exhibit dorsal curvature and hydrocephalus, as reported in the pkd1a/b double morphants (41) . This is unlikely due to the pkd1a or pkd1b mutants being hypomorphic because alternative splicing events resulting in skipping of the targeted exons were not detected (Supplementary Material, Fig. S4A and B). Taken together, our data reveal that pkd1a is the major isoform of PKD1 in zebrafish kidney, the depletion of which results in pronephric cysts. By contrast, pkd1b plays a Because the targeted genomic locus is repaired via a non-homologous recombination mechanism, truncation mutants are typically generated via TALEN owing to the shifted reading frame. Shown are two deletion alleles (M1 and M2) that cause a coding frameshift and premature stop codon (*). Deletions are indicated by dashes.
Shown below the DNA sequence is the corresponding amino acid sequence. (B) The glomerulus-neck region of the pronephron was dilated in pkd1a -/-embryos (asterisks) when compared with wild-type siblings (pkd1a þ/þ ). Shown is HE staining on JB-4 sections of day 3 embryos. (C) The pronephric tubule was dilated in pkd1a -/-embryos. Frozen sections of day 5 embryos were immunostained using atypical PKC (red) and Na redundant role, the depletion of which facilitates pkd1a-governed cystogenesis.
Pkd1 deficiency results in dysregulation of autophagy
We assessed the mTOR pathway in the pkd1a model and found increased phosphorylation of mTOR and S6 ribosomal proteins using whole embryo lysates ( Fig. 2A and B) . Additionally, phospho-S6 protein staining was specifically enhanced in the pronephric tubules of the mutants at 5 dpf (Fig. 2C) . Activation of the mTOR pathway in the pkd1a mutants suggested a conserved mechanism of PKD pathogenesis from zebrafish to mammals.
Given that autophagy has been demonstrated to mediate mTOR functions in diseases such as neurodegenerative disorders (46-49), we measured autophagy marker LC3II, an autophagosome-associated, active form of LC3 that is converted from LC3I (50) . The basal level of LC3II was not significantly altered in the pkd1a mutants at 5 dpf, but treatment with bafilomycin A1 (BafA1), a lysosomal inhibitor that prevents fusion of autophagosome with the lysosome, failed to increase LC3II levels in the mutants as efficiently as in the wild-type siblings, suggesting defects in autophagic flux ( Fig.  2D and E) (50, 51) . Concurrently, the number of autophagosomes in the pronephric tubules of the mutants did not increase to the same extent as that of their siblings after BafA1 treatment ( Fig. 2G and H ). We then assessed whether the autophagic clearance of misfolded or aggregated proteins was affected because such proteins have been shown to accumulate in cells deficient of the autophagy pathway, including kidney epithelial cells (52) (53) (54) . Protein aggregates are commonly tagged by ubiquitin, with those in the detergent insoluble fraction usually recognized and degraded by the autophagylysosome pathway and those in the soluble fraction usually eliminated by the proteasome system (28, 52, (55) (56) (57) . We found more ubiquitinated protein aggregates in the pellets of the pkd1a mutants than in the wild type siblings (Fig. 2F) , supporting the notion of impaired autophagy.
To better understand autophagy modulation during disease progression, we performed a time-course study. In addition to the insufficient autophagic flux at 5 dpf, when cystogenesis already reached full penetrance and edema developed, we chose to also assess autophagy at 2 dpf when pronephric cysts began to form in a small percentage of embryos and 8 dpf when severe edema was present in all tissues. At 2 dpf, LC3II proteins in the pkd1a -/-and wild type siblings were not significantly different either at the steady state or after BafA1 treatment. At 8 dpf, the mutants had significantly lower steady state LC3II levels and inadequate response to BafA1 treatment when compared with controls, suggesting a reduced autophagosome formation (Supplementary Material, Fig. S5A and B). In addition to LC3II, we examined p62/SQSTM1, which brings ubiquitinated substrates to the autophagic machinery by acting as a linker between LC3II and ubiquitin-tagged proteins, and therefore serves as a marker for autophagic degradation (23, 58, 59) . Steady state levels of this protein were enhanced in the mutants, moderately at 2 dpf and significantly at 5 dpf and 8 dpf.
Upon treatment with BafA1, p62 was similarly up-regulated at 2 dpf, but less efficiently increased at 5 dpf and 8 dpf in the mutants when compared with controls (Supplementary Material, Fig. S5C and D). Taken together, autophagy appeared to be dynamically impaired during disease progression in the zebrafish pkd1a -/-model, from nearly normal at 2 dpf to decreased autophagic flow at 5 dpf and to reduced autophagosome formation at 8 dpf.
Mammalian PKD1-null kidney epithelial cells exhibit multiple autophagic defects
To validate our findings in the zebrafish model, we used kidney epithelial cells isolated from E14.5 Pkd1 del2/del2 (Pkd1
) and wild type (Pkd1
kidneys are probably only mildly cystic at this stage (60) . Pkd1 -/-cells displayed a significant increase in the LC3II protein level (Fig. 3A and B) . This increase was unlikely attributable to autophagy activation, because the cells did not show decreased levels of p62 protein (data not shown), and did not accumulate LC3II as effectively as wild type cells in response to BafA1 treatment ( Fig. 3A and B) . Consistently, the Pkd1 -/-cells contained more LC3-positive puncta in the absence of BafA1 and less LC3-positive puncta in the presence of BafA1 when compared with wild type cells (Supplementary Material, Fig. S6A and B). These observations suggest that an insufficient autophagic flux rather than enhanced autophagy underlies basal levels of LC3II in these Pkd1-deficient cells. We further analysed the autophagy process using cystlining epithelial cells derived from an ADPKD patient (9-12; PKD1 -/-) and cells isolated from normal human renal cortical
) (61-63). LC3II levels were drastically reduced at steady state and poorly increased after BafA1 treatment in the PKD1 -/-cells ( Fig. 3C and D) . To quantitatively study defects in autophagic progression, we counted numbers of the autophagosomes and autolysosomes via transfection of the pBABE-puro mCherry-EGFP-LC3B plasmid into the cells. In the autophagosome, the combination of both mCherry and EGFP shows yellow, while in the autolysosome, EGFP fluorescence is quenched by the acidic environment and thus only red is seen (64) . We found that the number of both autophagosomes and autolysosomes in PKD1 -/-cells was significantly decreased, and moreover, the number of autophagosomes failed to be up-regulated in response to BafA1 treatment when compared to controls ( Fig. 3E and F) , suggesting an inadequate autophagosome formation and diminished autophagosome-lysosome fusion. While human PKD1 -/-cells shared the same deficiency in the autophagic flow with the mouse Pkd1 -/-cells, they displayed an additional defect in the formation of autophagosomes. This difference could be attributed to several possibilities, such as species difference, subtle differences in cell type and SV40 expression though the mouse and human cells were both collecting duct origin and immortalized by SV40 large T antigen, or different stages of disease when either mouse or human cells were isolated, with the former from mouse embryos being mildly cystic and the latter from end-stage ADPKD patients (60) (61) (62) (63) . Given that the zebrafish pkd1a mutants exhibited an insufficient autophagic flux at 5 dpf and inadequate autophagosome formation at 8 dpf, we favour the hypothesis that disease severity underlies the severity of autophagy dysfunction.
To confirm the role of PKD1 in autophagy regulation, the PKD1-null cells were examined for clearance of protein aggregates. We first treated cells with MG132, a protease inhibitor, to induce aggresome formation. Using ProteoStat dye, a red fluorescent molecule that specifically binds to aggregated proteins within aggresomes, similar red puncta were detected at perinuclear sites of both the PKD1 -/-and PKD1 þ/þ cells ( Fig. 3G and H).
When MG132 was withdrawn to allow degradation of the aggregates, red puncta were effectively eliminated from the wildtype cells, but they remained in the PKD1 -/-cells ( Fig. 3G and H ).
To test whether autophagy impairment accounts for the weakened ability to remove protein aggregates, we assayed ubiquitinated protein aggregates in the detergent-insoluble fraction. PKD1 -/-cells accumulated more aggregates in the absence of any stress, and moreover, less efficiently broke down MG132-induced protein aggregation when compared with controls ( Fig.  3I) . Mouse Pkd1 -/-cells showed a similar deficiency in the clearance of protein aggregates (Fig. 3J and data not shown) . Combining our data from zebrafish and mammalian cells, we concluded that PKD1 deficiency results in multiple types of autophagy dysfunction.
Defective autophagy promotes cystogenesis in pkd1a -/-embryos To pinpoint the role of autophagy in the pathogenesis of PKD, we examined cyst formation in embryos deficient for the core autophagy protein Atg5 (autophagy-related gene 5). Injection of atg5 morpholino (MO) resulted in multiple phenotypes, including loss of brain tissues, cardiac edema and twisted body as previously described (Fig. 4A) (65, 66) . Among these, cardiac defects and body curvature were most prominent, occurring in over 90% of injected embryos. These morphants exhibited cystic distention at 2 dpf, and severe cardiac edema prevented evaluation at later developmental stages (Fig. 4A') . Because cardiac edema occurs as early as day 1, it could well be the primary source of cystic distention. To prevent this complication, MO amount was titrated to eliminate apparent and early cardiac defects. We found that 1 ng of MO caused approximately 10% of morphants to show mild phenotypes, i.e., body curvature at 2 dpf and small pronephric cysts at 5 dpf (Fig. 4B and B' ), suggesting that dysfunctional autophagy is less likely a causative event for overt cystogenesis.
We then asked whether Atg5 knockdown facilitates cystogenesis in the pkd1a -/-embryos. To be able to detect the acceleration of cyst formation, we injected the low-dose of MO into offspring of pkd1a þ/-inter-crosses and collected normal looking embryos
(not those with a curly body) at 2 dpf, a time point when only a small percentage of pkd1a -/-embryos developed pronephric cysts.
We found that MO injection significantly increased the percentage of pkd1a -/-embryos with cysts from 10% to 48%.
Meanwhile, wild type embryos injected with the MO did not display any pronephric cysts (Fig. 4C) . Thus, Atg5 knockdown promotes pkd1a depletion-induced cystogenesis.
Induction of autophagy suppresses cyst formation and restores kidney function in pkd1a -/-embryos
The cyst-promoting effect of autophagy deficiency prompted us to hypothesize that autophagy induction might have a therapeutic benefit for PKD. To test this hypothesis, we first chose to activate autophagy using a specific autophagy inducer. A short peptide of the core autophagy protein Beclin 1 (amino acids 267-284) has been shown to specifically activate autophagy via binding to the autophagy inhibitor GAPR-1, and becomes cellpermeable by conjugation to HIV Tat protein transduction domain (67) . As expected, the Tat-Beclin 1 treatment significantly increased LC3II levels in both the PKD1 þ/þ and PKD1 -/-cells and effectively cleared accumulation of protein aggregates in the PKD1 -/-cells (data not shown). Importantly, incubation with the Tat-Beclin 1 peptide enhanced LC3II levels in the wild type and pkd1a -/-embryos ( Fig. 5A and B) . To be able to test attenuation of cyst formation, embryos were treated with the Tat-Beclin 1 peptide for 16 h and collected at 3 dpf, a time point when >90% of pkd1a mutants displayed pronephric cysts. We found that administration of the Tat-Beclin1 peptide reduced cyst formation in the pkd1a mutants from 94% to 25% (Fig. 5C) . Treatment with the peptide also restored kidney function, as reflected by an increase of fluorescent dye excretion from the pronephric tubule of mutant embryos from 58% to 95% (Fig. 5D ). These results suggested the induction of autophagy as a potential therapeutic intervention for cystogenesis. PKD patients and most models of PKD are characterized by an increased rate of apoptosis in the kidney epithelial cells (8, (68) (69) (70) . This feature was observed in the pkd1a model, as evidenced by more TUNEL-positive kidney epithelial cells in the mutants than in the wild type siblings (Fig. 5E and F) . Because extensive crosstalk occurs between autophagy and apoptosis, we explored whether apoptosis regulation underlies the beneficial effect of the Tat-Beclin 1 peptide (71, 72) . Treatment with the peptide reduced numbers of TUNEL-positive pronephric epithelial cells in pkd1a -/-embryos to the level comparable to those in wild type siblings (Fig. 5F ), suggesting that the Tat-Beclin 1 peptide ameliorates pronephric cysts, at least in part, through inhibition of apoptosis in the pkd1a model .
Both mTOR-dependent and mTOR-independent small molecule activators of autophagy exert therapeutic benefits in pkd1a -/-embryos
We then tested several known autophagy activators in PKD therapy. Treatment with rapamycin, the best-characterized mTOR-dependent autophagy inducer, inhibited mTOR signalling and activated autophagy in fish embryos, as demonstrated by a decrease of phospho-ribosomal S6 and an increase of LC3II expression, respectively ( Fig. 6A and B) . Importantly, rapamycin treatment was able to reduce cyst formation in the pkd1a mutants from 93% to 38% and rescue dye excretion function of the kidney from 58% to 94% (Fig. 6C and D) , indicating that the therapeutic benefit of rapamycin is conserved in zebrafish, and autophagy activation could be a contributing factor. We went on to assess the effect of mTOR-independent up-regulation of autophagy in cystogenesis. We elected to treat embryos with carbamazepine and minoxidil, two FDA-approved drugs. Carbamazepine is currently used as an anticonvulsant and stimulates autophagy by inhibiting inositol monophosphatase (IMPase), which leads to lower intracellular inositol levels and suppression of the phosphoinositol cycle, while minoxidil, a K þ ATP channel opener, is clinically prescribed as an antihypertensive agent and activates autophagy by decreasing L-type Ca 2þ channel currents, which initiates a cyclical mTORindependent pathway, involving Ca 2þ -calpain-G sa -cAMP-IP 3 signalling (73, 74) . In fish embryos, these two compounds activate autophagy without affecting the mTOR pathway, as manifested by higher LC3II and normal phospho-ribosomal S6 levels ( Fig. 6A and B) . Similar to rapamycin treatment, we found that incubation with either of these two compounds suppressed cyst formation, and rescued kidney function in the mutants (Fig. 6C  and D) . Moreover, we assayed autophagy-mediated clearance of protein aggregation using the PKD1 -/-cells. Rapamycin, carbamazepine and minoxidil modulated mTOR or autophagy signalling in the same manner as they did in the embryos (data not shown). They all promoted the removal of MG132-induced protein aggregation in the PKD1 -/-cells (Fig. 6E) . Together, our results suggest that autophagy activation in general, either mTOR dependently or independently, exerts therapeutic benefits on PKD.
Since mTOR-independent autophagy inducer carbamazepine or minoxidil also diminished cystogenesis, we speculated that the combination of lower doses of rapamycin with, for example, carbamazepine might have an additive or synergistic effect. A ten-fold reduction of rapamycin concentration to 40 nM had marginal efficacy, as 85% of the pkd1a mutants still displayed kidney cysts (Fig. 6F ). This dose did not cause any abnormality in the pkd1a þ/þ embryos, compared with 14% of wild type embryos showing cystic dilation after incubation with 400 nM of rapamycin ( Fig. 6C and data not shown) . Further reducing rapamycin to 4 nM resulted in no beneficial effect, nor side effects (data not shown). A ten-fold reduction of carbamazepine to 2 mM also exhibited marginal efficacy (Fig. 6F) . However, a combination of 40 nM of rapamycin and 2 mM of carbamazepine suppressed cystogenesis to a level comparable to that of single use of 400 nM of rapamycin (42% vs 38%) ( Fig. 6C and F) . These data suggest a new direction in PKD therapy by combining low doses of mTOR-dependent and mTOR-independent autophagy activators to potentially reduce drug toxicity.
Discussion pkd1 embryonic zebrafish model is amenable for functional studies of ADPKD and small-molecule screening
Using TALEN technology, we reported the generation of stable pkd1 zebrafish mutants. We were able to detect kidney cysts in 11% of pkd1a -/-and 70% of pkd1a -/-;pkd1b -/-mutants at 2 dpf via HE staining, with near fully penetrant phenotypes for both genotypes at 3 dpf. The frequency is higher than that of morpholinomediated depletion, whereby 10-15% of pkd1a or pkd1a/1b morphants formed cystic dilations by visual observation at 2 dpf (41). Besides stable mutation vs transient depletion, different detection methods also might contribute to the difference in penetrance. For example, in our experience, microscopic inspection of pronephric dilation at 2 dpf was not reliable. The mutants and morphants shared additional phenotypes, such as shorter jaw and edema. However, the mutants did not recapitulate body curvature and hydrocephalus that were reported in the morphants. Lacking these phenotypes is less likely due to maternal expression of pkd1 in the mutants or TALEN targeting sites different from morpholinos because both translation-blocking and splice-donor blocking morpholinos caused the same abnormalities. In fact, recent studies have noted a poor correlation between morpholino-induced and mutant phenotypes (75) (76) (77) . For instance, pkd2 zebrafish mutants fail to recapitulate cystic and hydrocephalus phenotypes of pkd2 morphants; pkd1a hu5855 mutants do not display body curvature phenotype as pkd1a morphants do (34, 37, 41, 42, 45) . Several possibilities have been proposed to explain the discrepancy between mutants and morphants (77) (78) (79) . Specifically for the pkd1 mutants, we did not detect a hypomorphic mutant allele due to exon skipping or genetic compensation by pkd2 (data not shown). Other potential explanations, including synthesis of a functional C-terminal domain using an alternative ATG downstream truncation site, genetic compensation by genes not belonging to pkd family, or off-target effects of morpholinos, need to be further investigated. Given efficient approaches of TALEN, CRISPR/Cas9 and knock-in for mutant generation in zebrafish, this study highlights the fish model as a practicable platform for functional analysis of various mutations identified in human PKD1 (39, (80) (81) (82) (83) (84) (85) . Embryonic zebrafish models are particularly attractive for drug screening because their small body size consumes much less drug and ensures low maintenance costs (86) . Powerful genetics and higher housing capacity also render zebrafish embryos ideal for genetic modifier screens. Meanwhile, there are limitations associated with zebrafish embryonic models. For example, quantifiable methods of measuring cyst size and number in zebrafish embryos have yet to be developed; methods allowing kidney-specific analysis of molecular/cellular changes and physiological assessment need to be further established. Moreover, PKD is a progressive disease, with symptoms primarily occurring later in adult life (87) . It is conceivable that the embryonic model might only recapitulate certain perspectives of PKD pathogenesis. Therefore, we do consider it essential to substantiate results obtained from embryonic fish models in either adult zebrafish or mammalian PKD models.
Autophagy defects are important pathological events during the pathogenesis of PKD PKD is characterized by increased rates of both proliferation and apoptosis in epithelial cells lining the cyst (88,89) . Here, we revealed autophagy dysfunction as an additional pathological event in PKD. Using the zebrafish pkd1 mutants, we detected sequential dynamic changes of autophagy during disease progression: nearly normal at 2 dpf, when cystogenesis is about to initiate, insufficient autophagic flux at 5 dpf, after cystogenesis had reached full penetrance, and eventually suppressed autophagosome formation at 8 dpf when severe edema was present in all tissues. This time-dependent autophagy modulation was partially reflected in mammalian PKD null kidney epithelial cells. While cells obtained from Pkd1 knockout mouse embryos with probably mild cysts manifest diminished autophagic flux, cells derived from late-stage ADPKD patient exhibit impairment in autophagosome formation (60, 61) . Together, our data suggest dynamic changes in autophagy during the development and progression of PKD, which require validation in the kidneys from slowly progressing PKD models that more closely mimic the human disease. The dynamic modulation of autophagy implies that dysfunctional autophagy is secondary to PKD-associated events, such as mTOR activation and/or defective cilia signalling. While we and others did not detect alterations in the cilium length and number (data not shown) (41) , changes in cilia-related signalling cannot be ruled out. In support of this hypothesis, there is no evidence indicating direct interaction of PC1 with components in the autophagy cascade. On the other hand, results from knocking down the core autophagy protein Atg5, under the condition that prevents earlier and severe cardiac edema, suggest that dysfunctional autophagy is not a causative event for cystogenesis, but rather a modifying mid-step, representing a failure in maintaining homeostasis or repairing damages. Strengthening this notion, no renal cysts have been reported in Atg5 or Atg7 KO mice up to 9 months (53, 54) . Our discovery advocates autophagy as an important area for future research to understand the pathogenesis of PKD. As has been recognized in other diseases, relationship among autophagy, proliferation, apoptosis and cilia signalling should be further elucidated (71, 72, 90, 91) .
Up-regulation of autophagy as a novel therapeutic strategy for PKD
Treatment with the specific autophagy inducer Beclin 1 peptide provides proof-of-principle evidence to support that activation of autophagy is of therapeutic benefit in PKD. This observation echoes the protective function of autophagy activation during acute kidney injury and podocyte aging (53, 54, (92) (93) (94) (95) (96) . Then, small molecular activators of autophagy, including rapamycin, carbamazepine or minoxidil, all partially ameliorate kidney cysts and preserve kidney function. The phenomenon that cysts remained in some of the mutants following autophagy induction supports our conclusion that autophagy modulation is a modifying event for cystogenesis. The phenomenon could also be explained by the non-isogenic genetic background and lack of quantifiable methods of measuring cyst size and number in zebrafish embryos.
In addition to demonstrating autophagy activation as a novel therapeutic strategy for PKD, our data offer a potential explanation for the mechanisms underlying several other beneficial compounds for PKD. For instance, the AMPK activator metformin, HSP90 inhibitor STA-2842, and histone deacetylases (HDAC) inhibitor trichostatin A, have all been shown to slow renal cystogenesis in animal models, and have also been shown in separate studies as activators of autophagy in cultured cells (86, (97) (98) (99) (100) . However, to firmly establish that these compounds execute their therapeutic effects through autophagy activation, evaluation of drug efficacy in autophagy-deficient PKD models will be indispensable. One beneficial effect of autophagy activation might be ascribed to the removal of aggregate-forming proteins. Future identification of aggregate-forming proteins and understanding of their roles in PKD pathogenesis will provide more insights into the molecular nature of PKD pathogenesis.
Future in vivo experiments are warranted to determine which autophagy activators exert better therapeutic effects than rapamycin while causing less renal and non-renal toxicity (18, 19) . Here, our studies suggest that lower doses of rapamycin, when combined with mTOR-independent autophagy inducer carbamazepine, can achieve efficacy comparable to that of using higher doses of rapamycin alone. This combination strategy may thus reduce the side effects associated with rapamycin, and be safer for long-term clinical use. Notably, carbamazepine, minoxidil and metformin are FDA-approved drugs that are used to treat seizures, hypertension and type 2 diabetes, respectively; HSP90 inhibitors and HDAC inhibitors are currently under clinical development for cancer therapy (101, 102) . Therefore, our present studies in zebrafish highlight the promising future of drug repurposing strategies in ADPKD therapy, which may also be beneficial for other PKD forms.
Materials and Methods
Zebrafish husbandry
WIK fish were maintained under standard laboratory conditions. The animal experiments were approved by the Mayo Clinic College of Medicine Institutional Animal Care and Use Committee.
Generation of zebrafish pkd1a and pkd1b mutants by TALEN
TALENs were constructed using the Golden Gate TALEN assembly protocol and library (Addgene) (38) . Fifteen pg of TALEN mRNAs were injected into wild type embryos at the one-cell stage. Sixteen embryos from each injection group were used for genomic DNA isolation to evaluate the efficiency of the TALENs by PCR-RFLP (restriction fragment length polymorphism). Embryos injected with efficient TALENs were raised to adulthood and outcrossed. Individual F1 adults were genotyped to identify germ line mutations, and F1carriers were then sequenced to search for frame-shift mutations. Two distinct frame-shift deletion alleles for each gene were selected. Selected F1 founders were further outcrossed to generate F2 fish in an effort to reduce potential off-target effects. All experiments performed in this study used F2 fish for breeding.
Cell culture
Mouse kidney epithelial cells were isolated from Pkd1 (61, 62) . Human cell lines were transfected with the pBABE-puro mCherry-EGFP-LC3B plasmid (Addgene) on coverslips using Lipofectamine 2000 (Life Technologies) according to the manufacturer's protocol. Twenty-four hours after transfection, cells were fixed with 4% formaldehyde for 10 min and mounted with Vectashield mounting medium (Vector Laboratories) for confocal microscopy imaging. Aggresome detection was performed using the ProteoStat Aggresome Detection Kit (Enzo Life Sciences, Inc.), following the manufacturer's protocol.
Reagents
The following reagents were used: translation-blocking MO of atg5 (Gene Tools, LLC, 4 ng or 1 ng) (65), Tat-Beclin 1 peptide (AnaSpec, 100 nM), rapamycin (LC Laboratories, 400 nM or 40 nM), carbamazepine (Tocris, 20 mM or 2 mM), minoxidil (Sigma-Aldrich, 400 nM), bafilomycin A1 (Sigma-Aldrich, 167 nM) and MG-132 (Sigma-Aldrich, 5 mM).
Histological and ultrastructural analysis
Embryos for histological analysis were individually fixed in 4% formaldehyde at 2 dpf or 3 dpf, with the tail region collected for genotyping. On the next day, wild-type and mutant embryos were embedded in JB-4 resin (Polysciences, Inc.) and sectioned at 4 mm thickness. The sections were then stained with HE, dried and mounted with Permount (Fisher Scientific) (103) . Embryos for ultrastructural analysis were fixed in Trump fixative (4% paraformaldehyde, 1% glutaraldehyde) at 5 dpf. The remaining procedure was performed according to standard methods by the Electron Microscopy Core Facility at Mayo Clinic in Rochester, Minnesota.
Immunofluorescence
Immunofluorescence labelling was performed on cryosectioned materials (104) . Embryos were fixed in 4% formaldehyde overnight and embedded in 1.2% agarose/5% sucrose. The agarose blocks were then saturated in 30% sucrose overnight, transferred into a tissue freezing medium (Electron Microscopy Sciences), and frozen on a freeze platform. Then 10-mm sections were incubated with primary antibodies against phospho-S6 ribosomal protein (Cell Signaling Technology, 1:200) and a6F (Developmental Studies Hybridoma Bank, 1:25), followed by Alexa Fluor conjugated secondary antibodies (Life Technologies). Images were acquired using an Axioplan II Zeiss microscope equipped with ApoTome.TdT-UTP nick end labelling (TUNEL) assay was performed on frozen-sectioned day 3 embryos using In Situ Cell Death Detection Kit, following the manufacturer's protocol (Roche).
Western blotting
Zebrafish embryos or cultured cells were homogenized in RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 1 mM phenylmethylsulphonyl fluoride and protease inhibitors) containing stainless steel beads using the Bullet Blender tissue homogenizer (Next Advance, Inc). Western blotting was performed according to standard protocols. The following antibodies were used: anti-mTOR, anti-phospho-mTOR (Ser2481), anti-S6 ribosomal protein, antiphospho-S6 ribosomal protein (Ser235/236), anti-P62 (Cell Signaling Technology), anti-actin (Sigma-Aldrich), anti-LC3 (Novus Biologicals) and anti-ubiquitin (Thermo Scientific). For analysis requiring cell fractionation, embryos or cultured cells were homogenized in lysis buffer (100 mM HEPES, 1% Triton X-100, 300 mM NaCl, 1 mM phenylmethylsulphonyl fluoride and protease inhibitors), pre-cleared at 2,000 g, and then centrifuged at 12,000 g to separate extracts into soluble (S) and insoluble pellet (P) fractions. The isolated P fraction was further lysed by adding additional 0.5% SDS (52) . 5% of the total lysate (T), 5% of the S fraction, and 20% of the P fraction were resolved on 4% to 20% gels.
Fluorescent dye injection
The pronephric fluid output assay was performed as previously described (35, 45) . Briefly, 2.5 dpf embryos that were anaesthetized were injected with 1% rhodamine-dextran (10 kD, Molecular Probes) via the common cardinal vein, and were then examined using a Zeiss Axioplan microscope equipped with a Nikon camera.
Measurement of shortening fraction (SF) of the ventricular chambers
SF was measured as previously described (105) . Briefly, zebrafish embryos at 2.5 dpf were anaesthetized and positioned on a microscope slide with a thin layer of 3% methyl cellulose (SigmaAldrich). Videos of beating hearts from a lateral view were recorded using a Zeiss Axioplan microscope equipped with a Nikon camera and used for maximum diastole and maximum systole measurements. SF¼ (maximum diastole-maximum systole)/maximum diastole Â100.
Statistical analysis
All data were expressed as mean 6 s.d. Comparison between two groups was performed by a two-tailed t test. A P value <0.05 was considered statistically significant.
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